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Abstract Adipose-derived stem cells (ADSC) are adult
stem cells which can be induced into motor neuron-like
cells (MNLC) with a preinduction-induction protocol. The
purpose of this study is to generate MNLC from neural
stem cells (NSC) derived from ADSC. The latter were
isolated from the perinephric regions of Sprague-Dawley
rats, transdifferentiated into neurospheres (NS) using B27,
EGF, and bFGF. After generating NSC from the NS, they
induced into MNLC by treating them with Shh and RA,
then with GDNF, CNTF, BDNF, and NT-3. The ADSC
lineage was evaluated by its mesodermal differentiation
and was characterized by immunostaining with CD90,
CD105, CD49d, CD106, CD31, CD45, and stemness genes
(Oct4, Nanog, and Sox2). The NS and the NSC were
evaluated by immunostaining with nestin, NF68, and
Neurodl, while the MNLC were evaluated by ISLETI,
Olig2, and HBY genes. The efficiency of MNLC generation
was more than 95 4+ 1.4 % (mean £ SEM). The in vitro
generated myotubes were innervated by the MNLC. The
induced ADSC adopted multipolar motor neuron mor-
phology, and they expressed ISLET1, Olig2, and HB9. We
conclude that ADSC can be induced into motor neuron
phenotype with high efficiency, associated with differential
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expression of the motor neuron gene. The release of MNLC
synaptic vesicles was demonstrated by FM1-43, and they
were immunostained with synaptophysin. This activity was
correlated with the intracellular calcium ion shift and
membrane depolarization upon stimulation as was
demonstrated by the calcium indicator and the voltage-
sensitive dye, respectively.
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Introduction

It was suggested that medical techniques may someday
make use of the potential shown by transdifferentiation of
somatic cells (Mirakhori et al. 2014), Krabbe et al. (2005)
suggested the use of the transdifferentiated mesenchymal
stem cells as a source for cell therapy in neurodegenerative
diseases, such as amyotrophic lateral sclerosis (ALS),
which is characterized by degeneration of motor neurons
(Silani et al. 2002). The experimental work on the ALS
mouse model showed that transplantation of human motor
neurons generated from neural stem cells delayed clinical
onset and prolonged the animal life (Lee et al. 2014).
Motor neurons can be generated from several sources such
as embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSC) (Nizzardo et al. 2010). Transdifferenti-
ation of adipose derive stem cells (ADSC) was suggested
as a source for the neural lineage in cell therapy (Kokai
et al. 2005), because they are autologous and can be easily
obtained and transdifferentiated into motor neuron-like
cells (MNLC). In vitro differentiated neurons showed
immunostaining of their processes with synaptophysin;
moreover, they could load and unload FM1-43
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fluorochrome (Bieberich and Anthony 2004). Similar
results were reported in transdifferentiating bone marrow
stromal cells into GABAergic neurons (Mohammad-
Gharibani et al. 2012), and others confirmed the release of
synaptophysin immunoreactive synaptic vesicles from
transdifferentiated ADSC (Cardozo et al. 2010). The
in vitro morphology of the transdifferentiated cells showed
multipolarity with several cytoplasmic processes originated
from the MNLC and contacted the myotubes using a co-
culturing system (Abdanipour and Tiraihi 2012).

Differential gene expression (Shh and BMP) was
reported in transdifferentiating ADSC into neuronal phe-
notype, and both genes were involved in cell fate deter-
mination and proliferation (Cardozo et al. 2010). In a
previous study, we reported induction of ADSC into
MNLC with an efficiency of 76 %, and it was characterized
by differential patterning in ISLETI1, Olig2, and HB9
expression during the transdifferentiation with shifting
gene expression at the early stage of induction (Abdanipour
and Tiraihi 2012).

The purpose of this study is to transdifferentiate ADSC
into NSC and use them in generating MNLC in order to
improve the yield, which can be used for cell therapy in
motor neuron degenerative disorders. The evaluation of the
in vitro activity of MNLC was demonstrated by the volt-
age-sensitive dye (VSD) so as to probe the membrane
characteristics, show synaptic release using FM1-43, and
demonstrate intracellular calcium ion shift using Fluo-4
NW. Moreover, the functional morphology of MNLC was
also assessed by co-culturing them with myotubes, while
the molecular analysis confirmed the differentiating motor
neuron gene expression.

Materials and Methods

The production of MNLC was achieved by converting the
ADSC into NS, which were then used for generating NSC,
and these were induced into MNLC.

Rat ADSC Isolation and Characterization

The ADSC were isolated from 5 female Sprague-Daley rats
(6-8 weeks old) purchased from Razi Institute, Tehran,
Iran. The experiments were approved by the ethical com-
mittee of the Faculty of Medical Sciences at Tarbiat
Modares University and were done according to Helsinki
guidelines for the laboratory animal use. The isolation of
the ADSC was done according to a previous investigation
(Abdanipour and Tiraihi 2012): the sampled adipose tissue
was incubated in a DMEM containing 0.075 % collagenase
type 1 (Sigma-Aldrich, Steinheim, Germany) for
30-50 min at 37 °C with agitation, and then it was
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neutralized with 10 % fetal bovine serum (FBS: GIBCO-
BRL, Eggenstein, Germany), filtered through 100-um
mesh cell strainers (BD Biosciences, Stockholm, Sweden),
and centrifuged at 1200 rpm for 10 min. The precipitate
was cultured in a T25 flask containing DMEM with 10 %
FBS and penicillin—streptomycin, incubated at 37 °C with
5 % CO, in a humidified incubator for 24 h, washed twice
with PBS, harvested with trypsin/EDTA (0.05 % trypsin/
0.5 mM EDTA: GIBCO-BRL, Eggenstein, Germany), and
cultured for 3 passages, respectively. The osteogenesis and
lipogenesis of ADSC were done according to a previous
report (Darabi et al. 2013). Briefly, the lipogenic differ-
entiation was performed by incubating ADSC at the third
passage with an adipogenic induction medium containing
50 pg/ml indomethacin, 50 pg/ml ascorbic acid, and
100 nM dexamethasone (Sigma-Aldrich, Steinheim, Ger-
many). After 3 weeks, the lipid vacuoles were stained with
Oil Red O (Sigma-Aldrich), whereas the osteogenic
induction was carried out by incubating the ADSC of the
third passage with an osteogenic induction medium con-
taining 10 mM B-glycerophosphate, 60 uM ascorbic acid,
and 0.1 uM dexamethasone (Sigma-Aldrich, Steinheim,
Germany). The calcium deposits and the osteogenic dif-
ferentiation were identified by Alizarin Red S staining
(Sigma-Aldrich, Steinheim, Germany). The chondrogenic
differentiation was done by incubating the ADSC of the
third passage with chondrogenic induction medium con-
taining 6.25 pg/ml insulin, 6.25 pg/ml transferrin, 1.25 pg/
ml bovine serum albumin (BSA), 50 pg/ml ascorbic acid,
107" M dexamethasone, and 10 ng/ml TGF-B3 (Sigma-
Aldrich, Steinheim, Germany), and the chondrogenesis was
assessed by Safranin O stain (Baptista et al. 2013).

The isolated ADSC at the 3rd passage were cultured on
a 6-well plate for immunostaining with the primary anti-
bodies against CD90, CD105, CD49d, CD106, CD34,
CD31, and CD45 (see Table 1), and the immunolabeling
was done according to the immunocytochemistry section
below.

Conversion of Rat ADSC into Neurospheres (NS)

The ADSC of the 5th passage were harvested using trypsin/
EDTA and plated on a six-well culture plate at a density of
5 x 10° cell/ml with 2 ml of neurosphere medium (NM:
consisted of serum-free DMEM/F12 containing 2 % B27
supplement, 20 ng/ml the epidermal growth factor (EGF),
and 20 ng/ml the basic fibroblast growth factor (bFGF); all
purchased from Invitrogen, Paisley, Scotland). The cell
aggregates forming the NS were evaluated after 3 days,
while a fresh NM was added every day for 1 week (Darabi
et al. 2013). Then the NS was cultured on poly-L-lysine
(Sigma-Aldrich, Steinheim, Germany) coated cover slips
inside a 12-well plate containing NM, incubated in a
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humidified incubator with 5 % CO, at 37 °C for 2 h, fixed
with 4 % formaldehyde (Sigma-Aldrich, Steinheim, Ger-
many) for 20 min, permeabilized with 0.1 % Triton X-100
(Sigma-Aldrich, Steinheim, Germany), labeled with the
primary antibodies (nestin, neurofilament 68 (NF68), Sox2,
Oct4, and Nanog) overnight at 4 °C, washed with PBS
three times, incubated with the secondary antibodies for
2 h at room temperature, counterstained with propidium
iodide (PI), and examined with a fluorescence microscopy
(Olympus IX71: Olympus, Japan) at 200x magnification,
respectively (Darabi et al. 2013).

The ADSC of the fifth passage used as a control were
incubated for 10 days with DMEM supplemented with
10 % FBS and penicillin-streptomycin, and were
immunostained as above. The positive control was a neo-
nate rat brain.

Neural Stem Cell (NSC) Generation
from Neurospheres (NS)

After 7 days, the NS were harvested into single cells using
accutase (Invitrogen, Eggenstein, Germany), and then the
dissociated cells were seeded on a T25 flask (2 x 10° -
density) in NM supplemented with 10 % FBS (NSC culture
medium). The cells were maintained in a humidified
incubator with 5 % CO, at 37 °C, while the medium was
changed every day for 10 days (Darabi et al. 2013). The
NSC were cultured on a 6-well plate and immunolabeled
with antibodies against Sox2, Oct4, nestin, NF68, NF160,
Map2, and Neun. Also, they were evaluated with the RT-
PCR technique for Oct4, Nanog, and Sox2 genes.

The ADSC of the fifth passage were used as a control,
and they were incubated for 10 days with DMEM sup-
plemented with 10 % FBS and penicillin—streptomycin and
immunostained as above. The positive control was a neo-
nate rat brain.

Induction of NSC into Motor Neuron-Like Cell
(MNLC)

The NS-derived NSC were seeded in a T25 flask at
1 x 10° density (50 % confluency) and incubated in an
NM containing RA (0.1 M: Sigma-Aldrich, Steinheim,
Germany) and Shh (1 pg/ml: Invitrogen, Paisley, Scot-
land), and the medium was replaced every day. After
5 days, the brain-derived neurotrophic factor (BDNF), the
glial-derived neurotrophic factor (GDNF) (each 10 ng/ml:
Invitrogen, Paisley, Scotland), the ciliary neurotrophic
factor (CNTF), and neurotrophin 3 (NT-3) (each 5 ng/ml:
Invitrogen, Paisley, Scotland) were added to the culture
medium, which was replaced every day for 7 days.
Immunostaining for ISLET1, Olig2, HB9, Chat, and Map2
markers was applied for evaluating the MNLC. The RT-

PCR technique was used in evaluating ISLET1, Olig2, and
HB9 in MNLC.

The efficiency of MNLC transdifferentiation was cal-
culated from this equation:

efficiency = (MNLC yield x ADSC viability) x 100.

The yield of MNLC was 97 % (the percentage of
immunoreactive cells to Hb9), and the viability of ADSC
was 98 %, and therefore, the efficiency was 95.06 %, and if
we entered the three replicate of MNLC yield, the results
will be 95.06 £ 1.4 % (mean + SEM).

Two control groups were used: the first group was
ADSC cultured for two weeks with DMEM supplemented
with 10 % FBS and penicillin-streptomycin, and
immunostained as above. The other control was NSC cul-
tured for the same period and treated with the NSC culture
medium, both controls were immunostained as above. The
positive control was a neonate rat spinal cord.

Immunocytochemistry

The cells were cultured on a six-well plate, washed with
PBS, fixed in 4 % paraformaldehyde for 30 min, and then
permeated and blocked with 0.3 % Triton X-100 and 5 %
FBS for 20-25 min. The ADSC were incubated with the
primary antibodies (see Table 1) overnight at 4 °C, washed
three times in buffer, and incubated with the relevant
secondary antibody for 2 h at room temperature. After
three washes, the samples were counterstained with pro-
pidium iodide (PI) and visualized at 200x magnification
(Olympus IX71: Olympus, Japan) (Darabi et al. 2013). The
negative control was done on cells incubated with the
secondary antibodies without the primary ones.

The percentage of the immunoreactive cells was
obtained by dividing the number of the immunoreactive
cells to the total number of cells in at least five random
fields, where 500 cells were counted in three independent
cultures according to Naghdi et al. (2009), and the
immunolabeling was repeated three times.

RT-PCR

The expression of Oct4, Nanog, Sox2, and nestin in the
NSC as well as Olig2, ISLET1, and HB9 genes in the NSC,
the MNLC, and the newborn spinal cord (positive control)
were evaluated by using the reverse transcription poly-
merase chain reaction (RT-PCR) technique. In this method,
the total RNA was extracted from the control and the
experimental samples by AMBION kit (Invitrogen, Pais-
ley, Scotland). The cDNA was synthesized using the oligo-
dT primer and amplified by 35 cycles in a thermocycler
using the primer sets listed in Table 2. The primer
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Table 1 Primary antibodies used in the immunocytochemical evaluation of the adipose-derived stem cells (ADSC), the neurospheres (NS), the

neural stem cells (NSC), and the motor neuron-like cells (MNLC)

Primary Antibody Anti- P/M* host titer Labeled cells Source (company) Secondary antibody
CD105 M Mouse 1:200 ADSC Millipore” R
CD49d P Rabbit 1:300 ADSC Millipore® G
CD106 M Mouse 1:300 ADSC Millipore” R
CD31 M Mouse 1:300 ADSC Millipore® R
CD45 P Rabbit 1:300 ADSC Millipore” G
CD34 P Goat 1:500 ADSC R&D Systemsb R
CD90 M Mouse 1:300 ADSC Millipore® R
Nestin M Mouse 1:100 NSC,NS,MNLC Milliporeb R
NF68 M Mouse 1:200 NSC,NS,MNLC Milliporeb R
NF 160 M Mouse 1:200 NSC,NS,MNLC Milliporeb R
Neun M Mouse 1:200 NSC,NS,MNLC Milliporeb R
Neurod1 M Mouse 1:200 NSC,NS,MNLC Milliporeb R
Chat M Mouse 1:200 NSC,NS,MNLC Millipore” R
Map2 P Rabbit 1:200 NSC,NS,MNLC abcam” G
Oct4 P Rabbit 1:200 NSC,NS,MNLC abcam® G
Sox2 P Rabbit 1:200 NSC,NS,MNLC abcam® G
Nanog P Rabbit 1:200 NSC,NS,MNLC abcam® G
ISLETI P Rabbit 1:200 NSC,NS,MNLC abcam® G
Olig2 P Rabbit 1:200 NSC,NS,MNLC abcam” G
HB9 P Rabbit 1:200 NSC,NS,MNLC abcam” G

The secondary antibodies were either rabbit anti-mouse FITC-conjugated (R) or goat anti-rabbit FITC-conjugated (G) (abcam, Cambridge, UK);

the titers of both secondary antibodies were 1:500

* P/M represents either polyclonal or monoclonal, respectively

b Represents the source of antibodies either Millipore, Schwalbach, Germany, R&D systems, Wiesbaden, Germany, or abcam, Cambridge, UK.

Table 2 Presents the genes used in the molecular evaluation of the neural stem cells and motor neuron-like cells, the accession number, the
forward and backward primers, and the polymerized DNA segment size (bp)

Gene Accession No. Forward Reverse Size bp
ISLET1 NM_017339.3 CACACTCGGATGACTCTGG CTTGCGGACCTGGTATGC 99
Olig2 NM_001100557.1 CCAGCAACAATTAACTTAGG CTTAGAAGAGACGCAGAG 155
HB9 NW_001084822 ATGAGGATGAGGATGATGAAGAAG CAGATGAGCAATCGGATGAGG 138
Oct4 NM_031068.1 GGCTGTGTCCTTTCCTCT TCTCTTTGTCTACCTCCCTTC 217
Nanog NM_001100781.1 TTCAAGACCAGCCTGTACT GCACTGGTTTATCATGGTAC 220
Sox2 NM_001109181.1 CCGTTACAGACAAGGAAGG CAACGATATCAACCTGCATG 195
Nestin NM_012987.1 AAGGCTCAGGAGTTCCAGG TACGGCTTTATTCAGGGAG 245
GAPDH* NM_002046.3 CAAGGTCATCCATGACAACTTTG GTCCACCACCCTGTTGCTGTAG 496
GAPDH" NM_002046.3 GTTGTCTCCTGCGACTTCA GGTGGTCCAGGGTTTCTTA 190

# Used in electropherogram Fig. 4B
# Used in electropherogram Fig. 2R

sequences were designed with the Primer Design software
(primer 3 plus: www.bioinformatics.nl/primer3plus/) and
then controlled by the Gene Runner software (version 3.05;
Hastings Software Inc., Hastings, NY, USA: http://www.
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generunner.com). The house-keeping gene (GAPDH) was
used as an internal control. The PCR product was elec-
trophoresed using 1 % agarose and stained with GelRed
(Invitrogen, Karlsruhe, Germany). The DNA bands were
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observed and photographed with a gel documentation
system (Uvtec, Cambridge, UK). This technique was
repeated three times (Darabi et al. 2013).

Co-culturing with Myotube

In order to evaluate the in vitro activity of the generated
MNLC, they were cultured with myotubes (derived from
mouse muscle cell line (C2C12 myoblasts): American
Type Culture Collection, Rockville, Md, USA) (Hester
et al. 2011). They were cultured with DMEM containing
10 % FBS on cover slips, and they grew to confluency,
while the medium was replaced with DMEM containing
10 % horse serum (Invitrogen, Paisley, Scotland) for
3-7 days. The myotubes were used for co-culturing
experiments 4 days following differentiation, while the
cells were stained with Cresyl violet stain (Abdanipour and
Tiraihi 2012).

Analysis of MNLC Synaptic Release Rate

The in vitro MNLC activity was evaluated with synaptic
vesicle release upon stimulation, the MNLC were seeded in
24-well plates at 6 x 10° density. The lipophilic fluo-
rochrome (FM1-43: Molecular Probes, Leiden, The
Netherlands) for imaging vesicle recycling was assessed
using an inverted epifluorescence microscope (Olympus
IX71: Olympus, Japan). The MNLC were washed and left
for 10 min in a saline containing 170 mM NaCl, 3.5 mM
KCl, 0.4 mM KH,PO,4, 5 mM NaHCO3;, 1.2 mM Na,SOy,
1.2mM MgCl,, 1.3 mM CaCl,, 5 mM glucose, and
20 mM tris (hydroxymethyl)-methyl-2-aminoethanesul-
fonic acid. The solution was replaced with stimulating
solution 1 containing saline supplemented with 100 mM
KCI and 10 pM FM1-43 for 2 min, and then the solution
was removed and replaced with stimulating solution 2
containing 3.5 mM KCI and 10 pM FM1-43 for 3 min, and
this was repeated three times. For unloading the dye, the
solution was changed with a saline containing 100 mM
KCl, and the dye unloading was visualized using an
inverted epifluorescence microscope (10 min with a pho-
tograph each min) (Gharibani et al. 2010).

Ca*" Influx Imaging

The shift in the intracellular Ca*>" of the MNLC (cultured
on 24-well plates at 6 x 10? density) following stimulation
was determined with a fluorescent Ca>" indicator (Fluo-4
NW: Molecular Probes, Leiden, The Netherlands). The
MNLC were cultured in a medium containing 5 % FBS for
3—4 days, which was removed, and 0.5 ml of the fluo-
rochrome loaded solution (Fluo-4 NW solution: 1 mM)
was added to each well plate. The plates were incubated at

37 °C for 20 min, and then the Fluo-4 NW was removed,
and the cells were washed once with the HEPES and
incubated for 1 h (Dawitz et al. 2011).

Voltage-Sensitive Dye (VSD) Imaging

For loading RH795 (Molecular Probes, Leiden, The
Netherlands) in the MNLC, the medium was replaced with
20 pl of the dye loading solution (RH795 solution: 20 mg/
ml) in artificial cerebrospinal fluid (ACSF: 119 NaCl, 26
NaHCOs;, 10 glucose, 2.5 KCl, 1 NaH,PO,, 1.5 MgSO,,
and 1.5 CaCl,). The cells were incubated at 37 °C in the
dark, washed 3 times, incubated for 60 min with the ACSF
in the dark, and examined using inverted epifluorescence
microscope, respectively (Olympus IX71: Olympus,
Japan). The RH795 was excited by instrument settings
appropriate for excitation at 380 nm (calcium free) and
340 nm (calcium complex) with fixed emission at 510 nm
(Canepari and Zecevic 2010).

Statistical Analysis

The ANOVA with Tukey’s multiple comparison was used
in evaluating the results using SPSS 10 (SPSS Inc., Chi-
cago, IL).

Results
Rat ADSC Isolation and Characterization

The isolated ADSC at the fourth passage became more
homogenous compared with the primary culture and the
first passage (Fig. lA—C). The lipogenic, osteogenic, and
chondrogenic differentiation of the ADSC was noticed (see
Fig. ID-F), and they were characterized by immunoreac-
tivity to the markers CD90 (mesenchymal stem cell mar-
ker), CD105 (fat-derived mesenchymal stem cell marker),
and CD49d (fat cell specific marker), see Fig. 1G-I, while
they showed negative immunostaining to CD106 (mes-
enchymal stem cells derived from the bone marrow stromal
cell marker), CD31 (endothelial cell marker), and CD45
(hematopoietic stem cell marker), see Fig. 1J-L. The
ADSC cultures were positive for CD90, CDI105, and
CD49d with PIC > 95 % and negative for CD31, CD34,
CD45, and CD106 with PIC < 10 %.

ADSC Conversion into NS and NSC Generation
The floated NS are presented in Fig. 2A—C, whereas the
morphology of the NSC derived from the NS is presented

in Fig. 2D. Characterization of the NS was done by
immunostaining with nestin (NSC marker), neurofilament
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«Fig. 1 Cultured adipose-derived stem cells (ADSC), mesenchymal
differentiation lineage, immunostaining, and the percentage of
immunoreactive cells to each marker. A—C Phase contrast images
of the primary culture of the ADSC (24 h), the first passage of the
cultured ADSC (5 days), and the fourth passage of the culture
(14 days), respectively. D Lipogenic differentiation of the cultured
ADSC forming multilocular fat cells stained with Oil red stain.
E Osteogenic differentiation of the cultured ADSC forming bone
ossicle stained with Alizarin red stain. F Chondrogenic differentiation
of the cultured ADSC extracellular matrix stained with safranin O
stain. G-I Immunolabeling with the primary antibodies to CD90,
CD105, and CD49d, respectively; they were incubated with a
secondary antibody conjugated with FITC and counterstained with
propidium iodide. J-L Immunolabeling with the primary antibodies
to CD106, CD31, and CD45, respectively; they were incubated with
the secondary antibody conjugated with FITC and counter stained
with propidium iodide. M Histogram of the percentages of
immunoreactive cells (ADSC) to CD105, CD90, CD49d, CD31,
CD106, and CD45. a Statistically different from CD105, CD90,
and CD49d. scale bar: A-F =200 ym, G-L =50 pm and
M = 25 pum)

68 (NF68: undifferentiated neuron marker), Sox2, Oct4,
and Nanog (markers for stemness; Fig. 2E-I, respectively).

The NSC were immunoreactive to Sox2, Oct4, nestin,
NF68, and NF160 (differentiating neuronal markers)
(Fig. 2J, K, M, N, and O, respectively). They were nega-
tively immunostained with Map2, Neun, and Neurodl
(differentiated neuron markers) (Fig. 2L, P, Q, respec-
tively). The expressions of NF68 and Neurodl (a marker of
NSC) was significantly higher than those of Map2 and
Neun (P < 0.05). Also, the expressions of Sox2 and Oct4
were significantly higher than those of Map2 and Neun
(P < 0.05), whereas that of CD106 was significantly lower
than those of CD105 and CD49d (Fig. 2R). The RT-PCR
results of Oct4, Nanog, Sox2, and nestin genes are con-
sistent with their immunostaining.

Induction of NSC into MNLC

Figure 3 represents the immunostaining of the induced
NSC into MNLC at 1, 2, and 14 days using anti-Olig2
(motor neuron progenitor marker), anti-ISLET1 (motor
neuron precursor marker), anti-HB9 (marker for differen-
tiated motor neurons), anti-Chat (marker for cholinergic
neurons), and anti-Map2 (neuronal marker). There was
noticeable gradual increase in the expression of HB9 in the
differentiating MNLC, and a similar pattern was noticed in
the expression of Chat. The PIC of Olig2 at day 1 was
higher than the other time points; while the highest per-
centage of ISLET1 was at day 2, the highest percentages of
HB9, Map2, and Chat were at the second week (P < 0.05)
(Fig. 4A). Moreover, the results of the RT-PCR show that
HB9, Olig2, and ISLET1 were expressed in the MNLC
(See Fig. 4B).

Co-culture of MNLC with Myotubes

The co-culturing of the myotubes and the differentiated
MNLC is presented in Fig. 4C-F, where the MNLC
extensions can be seen in direct contacts with the myotubes
resulting in in vitro innervation of the myotubes, while the
morphology of MNLC shows typical multipolar cell con-
tact with the myotubes (Fig. 4E, F).

Vesicle Release from MNLC

Figure 5SA-C demonstrates an in vitro preparation of
MNLC stained and destained with fluorescent lipophilic
fluorochrome (FM1-43), and the results show that they had
labeled the synaptic vesicles with fluorochrome, the
synaptic vesicles destained following stimulation (Fig. 5B,
C). The synaptic vesicles turnover during the stimula-
tion demonstrates a monoexponential decay model (y =
64.15¢~"'%) (Fig. 5D). After double labeling the differ-
entiated cells with FMI1-43 and synaptophysin, the
immunocytochemistry shows that these vesicles (stained
with FM1-43) were immunostained with synaptophysin,
while they were labeled with FM1-43 (Fig. 5E), where
many of the vesicles were located at the contact sites with
the other cells.

Ca** Concentration Influx Shift

Figure 6 demonstrates the staining of MNLC with Fluo-4
NW, Ca** indicator, and the images were taken serially,
and they showed gradual changes in the image color
depending on the intracellular Ca*" concentration shift
from low to high.

Voltage-Sensitive Dye (VSD) Imaging

The staining with VSD (RH795) is presented in Fig. 7, and
the red color (F) represents a depolarized membrane
resulted from action potential excitation, while the shift in
the color indicates the repolarization of the excited
membrane.

Discussion

The ADSC immunostaining results showed the cells were
immunoreactive to ADSC markers (CD90, CD105 and
CD49d), while they were negatively immunostained to
hematopoietic (CD34 and CD45) and endothelial cell
markers (CD31). The results of this investigation show that
MNLC can transdifferentiate from ADSC-derived NSC
with high efficiency. The main feature of MNLC is their
ability to form cell to cell contact with the myotubes in an
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Fig. 2 Morphology of the neurospheres (NS), the neural stem cells
(NSC) immunostained with different markers, the percentage of
immunoreactive cells to each marker, and the electrophoresis results
of the reverse transcription polymerase chain reaction (RT-PCR) of
NSC. A-C Phase contrast images of the NS at 1, 2, and 7 days,
respectively. D Phase contrast image of NSC generated from the NS.
E-I Immunolabeling of the NS with the primary antibodies (Nestin,
neurofilament 68, Sox2, Oct4 and Nanog, respectively) followed by a
relevant secondary antibody conjugated with FITC, and E and
F Counterstained with propidium iodide. J-Q Immunolabeling of
NSC with the primary antibodies Sox2, Oct4, Map2, nestin, NF-68,
NF-160, Neun, and Neurodl, respectively, followed by a relevant
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secondary antibody conjugated with FITC and counterstained with
propidium iodide (only Map2, nestin, NF-68, and NF-160 were
counterstained with propidium iodide). R Histogram of the percent-
age of immunoreactive cells (NSC) to Map2, Neun, nestin, neuro-
filament 68, Neurodl, Sox2, and Oct4. a Statistically different from
nestin, NF68, Neurodl, Sox2, and Oct4. S Electropherogram of RT-
PCR of NSC, the lanes of RT-PCR for Oct4 (O), Nanog (Ng), Sox2
(S), nestin (Nt), G (glyceraldehyde 3-phosphate dehydrogenase,
GAPDH: house-keeping gene as an internal control), C (no template
control: NTC), and L (DNA ladder) (scale bar A-C = 100 pm,
D =200 pum, E-I =100 pm, J-L =200 pm, M-O = 50 pm,
P =200 pm and Q = 25 um)
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Fig. 3 Immunostaining of the
motor neuron-like cells

(MNLC) with the primary
antibodies at day 1, day 2, and
two weeks, respectively. The
MNLC were immunostained
with the primary antibodies,
incubated with the relevant
secondary antibody conjugated
with FITC and counterstained
with propidium iodide. A—

C Immunostaining of Olig2
(motor neuron progenitor
marker). D-F Immunostaining
of ISLET1 (motor neuron
precursor marker). G—

I Immunostaining of HB9
(marker for the differentiated
motor neuron). J—

L Immunostaining of Chat
(choline acetyl transferase:
marker for the differentiated
neurons). M—O Immunostaining
of Map2 (marker for neurons)
(scale bar = 100 pm, all)

Olig?

Islet 1

HB9

ChAT

MAP2

in vitro co-culture system. They could release synaptic
vesicles upon stimulation, associated with membrane
depolarization and intracellular calcium ion shift.
Differential gene expression of neurotrophins and their
receptors in transdifferentiation of bone marrow stromal
cells was documented (Yaghoobi and Mowla 2006), so is
the differential expression of transcription factors in
transdifferentiating ADSC (Cardozo et al. 2010). A tem-
poral gradient in the transcription factor expression (Shh)
of differentiation in the central nervous system was docu-
mented (Dessaud et al. 2007). In this study, a temporal

gradient in the expression of the transcription factors
ISLETI, Olig2, and HB9 in the transdifferentiating ADSC
into MNLC have been noticed, which agrees with earlier
investigations (Miles et al. 2004). Furthermore, the quan-
titative immunocytochemical study shows that the highest
expression of Olig2 was at day 1, and then it declined.
Conversely, the expression of HB9 and Chat was low, and
then it increased, which is consistent with previous findings
(Yoo et al. 2013). The expression of ISLET1, which was
highest at day 2, is consistent with the results of others (Hu
and Zhang 2010). On the other hand, the motor neurons
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Fig. 4 Characterization of the motor neuron-like cells (MNLC) by
quantitative evaluation of the immunoreactivity to their markers, and
the electrophoresis results of the reverse transcription polymerase
chain reaction (RT-PCR) of MNLC and their co-culturing with
myotubes. A Histogram of the percentages of immunoreactive cells
(motor neuron-like cells: MNLC) to Map2, choline acetyl transferase
(Chat), ISLET1, Olig2, and HB9 at day 1, day 2, and 2 weeks (black,
light gray, and dark gray columns, respectively). a Statistically
different from day 2 and 2 weeks, b statistically different from
2 weeks, c statistically different from day 1 and 2 weeks, d signifi-
cantly higher than the other markers expressed at day 1, e significantly
higher than the other markers expressed at day 2 except ISLET1, and
e significantly higher than the other markers expressed at 2 weeks
except Chat. B Electropherogram of RT-PCR of MNLC and the
fragments of RT-PCR for HB9 (H), Olig2 (Og), ISLET1 (I), C-
(negative control: with cDNA), and L (DNA ladder). C Photomicro-
graph of a myotube stained with PKh 26 fluorochrome. D Myotube
stained with PKh 67 and co-cultured with the induced motor neuron-
like cells (MNLC) stained with PKh 26. E Phase contrast photomi-
crograph of myotubes co-cultured with the induced MNLC. F My-
otube co-cultured with the induced motor neuron-like cells stained
with Cresyl violet. **Myotubes and *MNLC

@ Springer

expressed Map2, HB9, and Chat after 4 weeks (Lee et al.
2014), whereas in this study, Olig2, ISLET1, HB9, Map2,
and Chat were expressed after 2 weeks. Gou et al. (2010)
induced human fetal cell line into motor neurons for
6 days, and only 20 % of the motor neurons expressed
HBO9, ISLET1 and Chat, while in this study, after 1 week of
induction, we noticed that the percentages of the markers
were 45, 58, 2, 97, and 97 %, for HB9, Chat, Map2, Olig2,
and ISLETI, respectively.

The efficiency of MNLC generation from adult stem
cells that we obtained is 95 + 1.4 % (mean + SEM), and
some investigators reported it from ESCs to be 51 % (Wu
et al. 2012) or 75 % (Su et al. 2012). Comparing these
results with our findings indicates that we obtained higher
efficiency by transdifferentiating ADSC into neurosphere,
and generating NS-derived NSC, which were used for
producing MNLC.

The results of this multistep protocol are consistent with
the finding of a former study that applied a two-step
technique using preinduction—induction protocol, where
the preinducers were a cocktail of chemicals (isobutyl-
methylxanthine and B-mercaptoethanol) with fibroblast
growth factor 2 and B27 supplement, whereas the induction
stage consisted of B27, RA and Shh followed by B27,
vitamin C, BDNF and GDNF, the efficiency was 65 %
(Liging et al. 2011), however, the use of B-mercaptoethanol
was reported to cause cell shrinkage and death (Ghorbanian
et al. 2010). Thus, the combination of Shh and RA with
BDNF, GDNF, CNTF, and NT-3 could cause either addi-
tive or synergistic mode of induction (Zurn et al. 1996). In
a study, a multistep method was applied in order to induce
amniotic-derived mesenchyme stem cells into motor neu-
ron precursor cells by sequential incubations with DMEM/
F12, 10 % fetal calf serum and 20 pg/l bFGF; DMEM/F12,
20 g/l B27and 20 pg/l bFGF; DMEM/F12, 10~ mM/I
retinoic acid, 20 g/l B27 and 20 ng/ml B-NGF; and
DMEM/F12, 10 % fetal calf serum and 20 pg/l bFGF;
however, the source of the cells was allogenic (Hu et al.
2013). Other multistep protocols were used in inducing
embryonic stem cells (Wichterle and Peljto 2008) and iPSC
(Petros et al. 2011). The transdifferentiation of fibroblast
into neuronal phenotype could be reverted into fibroblast
(Graf 2011); moreover, mesenchymal stem cells could be
reverted to a primitive stem cell population (Rui et al.
2015). The neurosphere culture medium was suggested to
be selective for the growth of the cells that form the NS
(Aleksandrova et al. 2002; Monni et al. 2011) and con-
tribute to the transplant stability (Joo et al. 2012). More-
over, the transdifferentiated MNLC were derived from
NSC, which were immunoreactive to nestin, a marker for
neural progenitor cells; however, the motor neuron derived
from iPSC was characterized by direct transdifferentiation
without intermediary progenitors (no immunoreactivity to
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Fig. 5 Release of the vesicles
in motor neuron-like cells which
are stained with lipophilic
fluorochrome (FM1-43) and
synaptic vesicles specific
protein immunostaining
(synaptophysin). A Phase
contrast of the field used for the
staining of the motoneuron-like
cells with FM1-43. B Staining
of the MNLC with FM1-43.

C Destaining of the MNLC
upon stimulation with high
concentration of potassium
chloride. D The curve fitting of
the normalized mean gray level
values at 10 min intervals (each
minute one photograph); the
curve fitting shows an
exponential decay model.

E MNLC with double labeling;
they were stained with FM1-43,
and then immunostained with
anti-synaptophysin primary
antibody and incubated with a
secondary antibody conjugated
with FITC. Arrowheads indicate
double-stained synaptic vesicles
located at the periphery. Empty
arrowhead indicates vesicles
present at the contact between
the cell extensions and the body
of the cells. Arrows indicate
synaptic vesicles distributed in
the cytoplasm of the MNLC
(scale bar A—-C = 20 pm and
E = 50 pum)

nestin) (Son et al. 2011). The multistep transdifferentia-
tion achieved in this study is characterized by interme-
diary nestin-immunoreactive cells, which was considered
as a lineage reprogramming type (Zhou and Melton 2008),

Pixel value

and this type is characterized by low tumorigenesis risk
and increased transdifferentiation efficiency (Asuelime
and Shi 2012). We also achieved a stepwise route (indi-
rect) for transdifferentiation, which was mentioned as a
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Fig. 6 Staining of the motor neuron-like cells with calcium indicator
(Fluo-4 NW). A Staining of the motor neuron-like cells with Fluo-4
NW followed by their stimulation, B-H Images of the same field
photographed serially, which show changes in the color of the cells
resulted from a shift in the intracellular Ca>" concentration (scale bar
F-K = 50 pm)

@ Springer

natural transdifferentiation pathway (de Peppo and Marolt
2012).

The synaptic vesicle release is consistent with our
previous investigation and has the same monoexponential
decay model (Abdanipour and Tiraihi 2012). Some
researchers reported an exponential decay pattern in
synaptic release (Bamford et al. 2004). The intercept of
the fitted nonlinear curve in this study is lower, and the
release rate is slower than the previous work, where the
binding of fluorochrome to the synaptic vesicles was
higher due to their higher density (the intercept was
about 150), while the slower release of synaptic vesicles
in response to chloride ion stimulation indicates the
immaturity of the induced motor neurons in this study
compared with the previous study (the rate was 1.4), and
this is consistent with findings (Griesinger et al. 2002)
that reported closer value for the rate of synaptic release
or depolarization of the basal membrane of the inner hair
cells. The immaturity of the neurons can be advanta-
geous for transplantation therapy (Naghdi et al. 2009).
The colocalized FM1-43 fluorochrome with synapto-
physin immunostaining shows that the distribution of
synaptic vesicles was at the neuronal extension as well
as the periphery of the neuron soma, which was at the
same location of the recycled vesicles. The immunos-
taining of synaptophysin was reported to be correlated
with the synaptic release (Staple et al. 1997), where
FM1-43 incorporated with the presynaptic sites (Henkel
et al. 1996). In this study, we have used voltage-sensitive
dyes (RH795) in evaluating the action potential of the
cells (Chemla and Chavane 2010), and the electrical
activity in the membrane can be detected with VSD,
which was documented to be comparable with the patch
clamp technique, while membrane depolarization could
be monitored in large population of cells in addition to
its accuracy and quickness (Leao et al. 2010). Likewise,
the calcium indicator was used in evaluating the intra-
cellular calcium ion shift following stimulation of the
cells (Sudhof 2012), and in this study, Fluo-4 NW has
been used, and the level of calcium increased following
stimulation where the membrane depolarized, activating
voltage-sensitive calcium channels (Nakanishi and Oka-
zawa 2006), and this finding is consistent with previous
reports (Apati et al. 2013). One of the main advantages
of production of MNLC with these activities is potential
use of these cells in ALS cell therapy, although cell
therapy of ALS can be an option for improving the quality
of life for the patients (Gonzalez-Garza et al. 2013), there
are difficulties such as proper timing of the transplant for
engraftment and finding a proper window for re-establish-
ing synaptic connections (Lepore and Maragakis 2007).
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Fig. 7 Staining of the motor neuron-like cells with voltage-sensitive photographed serially, which show changes in the color of the cells
dye (RH795). A Staining of the motor neuron-like cells with RH795 resulted from a shift in the membrane depolarization and repolariza-
followed by their stimulation, B-H Images of the same field tion (scale bar F-K = 65 pm)
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